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. Over the following decades, equivocal evidence emerged regarding the accumulation of oxidatively damaged proteins and DNA with normal ageing 2 . Such macromolecular damage, if not sufficiently repaired, can cause the progressive failure of cellular machinery, organ ageing and the onset of age-related disease. Many pathologies have been linked to oxidative stress, including atherosclerosis, hypertension, ischaemia-reperfusion injury, inflammation, cystic fibrosis, diabetes, Parkinson and Alzheimer diseases, and cancer. Given that mitochondria are the major intracellular generators of react ive oxygen species (ROS), which are the inevitable consequence of oxidative ATP production from electron transport along the mitochondrial inner membrane, this theory has largely become known as the mitochondrial free radical theory of ageing. Although supporting evidence is substantial, it is also largely correlative, and counter-evidence and variants of this theory also exist [2] [3] [4] [5] [6] (BOX 1). Currently, most experts believe that mitochondrially generated oxidative stress is particularly important in age-related diseases but it is not the sole cause of ageing 7 . This Perspective will discuss some new and unexpected findings regarding the association of oxidative stress with ageing, as evaluated in the common age-related disease breast cancer.
Ageing, breast cancer and epigenetics Even in animals with vastly different lifespans, the incidence of malignancies generally increases with age. Overall, the cancer incidence in humans increases exponentially with age, with 75% of newly diagnosed cases occurring in susceptible populations aged 55 years or older, which supports the epidemiological conclusion that age is the strongest demographic risk factor for most human malignancies 8, 9 . Given the worrying social, economic and medical consequences of an ageing worldwide population, there is a pressing need to understand the biological link or links between cancer and ageing. Despite the awareness that breast cancer and other epithelial cancers are primarily age-related diseases, molecular and cellular hypotheses explaining the relationship between cancer and ageing have only recently emerged [10] [11] [12] [13] . At the subcellular level, normal human ageing has been linked to increased genomic instability 14, 15 , global and promoter-specific epigenetic changes 16, 17 , and the altered expression of genes involved in cell division and extracellular matrix remodeling 14, 15 . These associations have led to the hypothesis that the cancer-prone phenotype of an older individual results from the combined effects of cumulative mutational load, increased epigenetic gene silencing, telomere dysfunction and an altered stromal milieu 18 . However, clinical assessment of this hypothesis is challenging, as human malignancies such as breast cancer are phenotypically and genotypically heterogeneous. This heterogeneity must be accounted for in any study design that tries to evaluate differences between early-and late-onset forms of the same cancer. When one prospectively designed study evaluated early-and late-onset forms of the same histological type of sporadic human breast cancer, oestrogen receptor (ER)-positive breast cancer, the conclusion that the biology of this disease was indeed age-dependent was tempered by a surprising lack of support for the more general cancer-ageing hypothesis 19 . Rather than displaying a 'mutator' phenotype predisposed to genetic instability, accelerated proliferation and more aggressive growth, late-onset ER-positive breast cancers, like many other late-onset human malignancies, appear less aggressive and are associated with a better patient prognosis than early-onset forms of histologically identical ER-positive breast cancers. Remarkably, this prospective study showed that during the normal female lifespan ER-positive breast cancers that arose over 30 years apart did so by fundamentally different epigenetic programmes and not by any detectable differences in genomic mechanisms 19 . In addition, an age signature composed of 128 genes that were differentially expressed between these early-and late-onset breast cancers proved to be >80% accurate at discerning younger ER-positive breast cancers from older ER-positive breast cancers in two other independent data sets 19 . Do these epigenetic differences simply reflect age-associated changes in the mammary gland 20 or can they be explained by the accumulated effects of oxidative stress thought to accompany ageing? Breast cancer and oxidative stress As a putative aetiological factor for both ageing and age-related diseases such as ER-positive breast cancer, oxidative stress is an attractive mechanism with which to explain age-dependent differences in gene expression and cancer biology. Although Abstract | Two paradigms central to geroscience research are that aging is associated with increased oxidative stress and increased cancer risk. Therefore, it could be deduced that cancers arising with ageing will show evidence of increased oxidative stress. Recent studies of gene expression in age-controlled breast cancer cases indicate that this deduction is false, posing parallax views of these two paradigms, and highlighting the unanswered question: does ageing cause or simply permit cancer development?
PeRsPecTives there is a variety of evidence that suggests that reactive oxygen and nitrogen species contribute to the age-related development of cancers, the cellular sources and carcinogenic mechanisms of these molecules remain unclear 21 . ROS are critical mediators of growth factor receptor signalling 22 and are involved in oestrogen-inducible cancer cell proliferation 23, 24 . Not only has the carcinogenic potential of oestrogen exposure been attributed to its oxidation chemistry 25, 26 , but oxidative stress pathways activated during cell immortalization and transformation have also been correlated with clinical prognosis in patients with breast cancer 27 . Nontransformed breast epithelial cells experience variable fluctuations in the production of ROS from mitochondrial respiration, peroxisomal β-oxidation and cytochrome P450 xenobiotic metabolism 28 . In transformed breast epithelial cells, constitutively activated mitogenic pathways increase intracellular ROS production. Transformed metabolic pathways, including increased thymidine phosphorylase expression 29 and the lactoperoxidase metabolism of oestrogen 30 further increase the levels of endogenous ROS. Inadequate tumour neovascularization results in excess oxidative stress as well as glucose deprivation, hypoxia-activating kinase cascades and decreasing antioxidant defences 31, 32 . In turn, hypoxia stimulates the expression of chemoattractants such as endothelin 2 in breast cancer 33 , which recruit ROS-producing macrophages that accumulate within the hypoxic regions of various tumour types 34 . Whether it results from organ ageing, endogenous metabolites, malignant transformation pathways or rapid neoplastic growth and metabolism
, oxidative stress accompanies breast cancer development and progression to varying degrees, and may therefore be a plausible underlying mechanism for much of the biological and clinical diversity of ER-positive breast cancers. How can oxidative stress alter aspects of tumour biology, such as the endocrine pathways that drive ER-positive breast cancer?
oxidative stress and ER activity In addition to DNA damage, there are at least two major consequences of excess ROS production for proteins that affect ER pathways and the endocrine responsiveness of ER-positive breast cancer: direct oxidative injury to protein structure and ROS-induced kinase signalling. Among the intracellular proteins that are most vulnerable to direct oxidant damage are redox-sensitive nuclear transcription factors, such as ER 35 and SP1 (REF 36) , whose zinc finger cysteine residues are readily oxidized preventing their DNA-binding function. In ER-positive breast cancers, loss of SP1 DNA-binding activity has been correlated with ageing in association with an increase in the levels of the oxidative stress marker phospho-ERK5 (extracellular signal-related kinase 5, also known as mitogen-activated protein kinase 7 (MAPK7)) 37 in the tumour. Although a complete loss of the DNA-binding function of the ER that is extracted from primary human breast cancers has not been specifically linked to ageing, this loss has been shown to occur in up to one-third of all ER-positive primary breast cancers and has been correlated with loss of progesterone receptor (PR) expression 38 . because the DNA-binding and transactivating functions of both ER and SP1 are needed for the optimal oestrogenic stimulation of genes such as PR and BCL2, ER-positive breast cancers that have been subjected to sufficient levels of oxidative stress would be expected to show suppressed expression of PR, BCL2 and other oestrogen-inducible genes. The second major consequence of oxidative stress is its association with kinase-dependent signal transduction. In addition to their role in the mediation of growth factor receptor signalling, ROS directly inhibit protein tyrosine phosphatases
Box 1 | Mitochondrial free radical theory of ageing
In 1956, Denham Harman first proposed that the oxygen free radicals that are endogenously formed from normal metabolic processes in a variety of organisms cause ageing. By 1972, Harman recognized the dominant role of mitochondria in the generation of intracellular reactive oxygen species (ROS) and revamped his proposal into the mitochondrial free radical theory of ageing. With accumulating evidence, and following decades of studies that have involved both invertebrate and vertebrate model systems, there is continued controversy over whether an accumulation of macromolecular damage caused by chronic ROS production limits mammalian lifespan or whether it primarily contributes to the onset of age-related disease. Accepted refinements to this theory now include the chemical participation of reactive nitrogen species (RNS) as well as ROS, recognition that mitochondrial (mt) DNA damage also accumulates with ageing, and appreciation that the balance of intracellular antioxidant and macromolecular repair mechanisms is crucial in determining the cell fate responses to both acute and chronic oxidative stress. It is also important to note that the free radical theory of ageing is not mutually exclusive of other ageing mechanisms (for example, cell senescence, telomere shortening and genomic instability).
Evidence in support of the mitochondrial free radical ageing theory in mammals includes the following:
• mitochondrial ROS production and mtDNA damage (for example, deletions, mutations and base modifications) increase with age in various mammals, including mice and humans;
• injection of chemically uncoupled or aged mitochondria induces cellular degeneration of young cells;
• knock-in mice with catalase overexpression localized to the mitochondria exhibit reduced levels of mtDNA damage and have an extended lifespan;
• caloric restriction reduces mitochondrial ROS production and mtDNA damage and extends lifespan.
Evidence that challenges the mitochondrial free radical ageing theory in mammals includes the following:
• transgenic mice that express an error-prone mtDNA polymerase show accelerated signs of ageing and have a decreased lifespan but are not subject to ROS overproduction or oxidative stress;
• knockout mice heterozygous for the superoxidase dismutase 2 gene have increased oxidative damage in their nuclear DNA and mtDNA, but exhibit neither signs of accelerated ageing nor a reduced lifespan.
Box 2 | Cancer and oxidative stress
Oxidative stress in the form of excess reactive oxygen species (ROS) or reactive nitrogen species (RNS) can have either deleterious or beneficial effects on a cell, and may be generated by intracellular or extracellular sources. Oxidative stress may cause carcinogenesis by mutating nuclear or mitochondrial DNA, or by causing structural damage of intracellular lipids and proteins. A growing tumour mass may also produce intracellular and extracellular oxidative stress that can transiently or permanently modify its malignant features. Endogenous sources of tumour ROS or RNS include an impaired mitochondrial genome or proteome, supporting the Warburg hypothesis; activated extra-mitochondrial growth and metabolism pathways; and xenobiotic metabolism.
Exogenous sources of tumour ROS or RNS include ischaemia and reperfusion; inadequate neovascularization; inflammatory cell infiltrate; and activated or damaged stroma. Nature Reviews | Cancer and thereby stimulate SRC, Janus kinase, Ras family members, protein kinase C and MAPK signalling 39 . These activated kinase pathways are known to modulate ER activity 40 and have been implicated in endocrine resistance [41] [42] [43] [44] . In particular, excess MAPK signalling in ER-positive breast cancer cells impairs oestrogen-inducible gene transcription 45 and induces a profile of gene expression similar to that of ER-negative breast cancer cells 46 . Thus, oxidative stress can potentially alter the phenotype of an ER-positive breast cancer, in some cases to such an extent that the endocrine responsiveness of the tumour is lost.
oxidant gene signatures
Is there clinical evidence for the presence of oxidative stress in ER-positive human breast cancers? Although many gene expression studies have attempted to identify the suite of endocrine-responsive genes expressed in ER-positive breast cancers [47] [48] [49] [50] [51] , only one study tried to delineate a subset of endocrineresponsive genes that were also susceptible to modulation by oxidative stress in order to identify and characterize oxidatively stressed ER-positive breast cancers 52 . In this recent study, an ER-positive human breast cancer cell line was subjected to either oestrogen deprivation or ER knockdown and profiled to identify a complete set of genes regulated by oestrogen and ER (designated oestrogen+ER). In addition, the cell line was subjected to stress by three different chemical oxidants (diamide, hydrogen peroxide and menadione), and profiled in order to produce an oxidant signature. The intersection of both the oestrogen+ER and oxidant gene signatures yielded an oxidantoestrogen+ER signature that was composed of 62 endocrine-responsive genes that were commonly susceptible to the different forms of oxidative stress. Network analysis of the oxidant-oestrogen+ER gene signature from this study highlighted the activation of cancer pathways that regulate cell growth and invasion 52 . The signature derived from the model was used to interrogate a public repository of expression microarray data that characterized 394 ER-positive primary breast cancers, and look for correlations with tumour parameters, patient age at diagnosis and survival outcome. ER-positive breast cancers with higher expression levels of this oxidant-oestrogen+ER gene signature showed a loss of PR expression, high tumour grade and reduced patient survival 52 .
Given the link between ageing and oxidative stress, and the expectation that excess levels of oxidative stress would be evident in the breast cancers that arose in older individuals, it was surprising that the ER-positive breast cancers that were diagnosed at an older age did not show higher levels of expression of either the endocrine-specific oxidantoestrogen+ER signature or the more general Regulatory directions were determined from primary references provided by Pathway studio, with positive (+) regulatory directions denoted by arrowheads and negative regulatory directions denoted by bars (lines without either arrowheads or bars indicate ambiguous regulatory direction). Unigene symbols in red ovals indicate signature genes that are upregulated by oxidative stress or in early-onset breast cancer; those in green ovals indicate signature genes that are downregulated by oxidative stress or in early-onset breast cancer. At least 75% of the signature genes that have been shown to be regulated by TNF and TGFβ (a, b) contain nuclear factor kB (NFkB) or AP1 consensus element binding sites within their proximal promoters, as determined by eZRetrieve and TFseARcH [57] [58] (see TFseARcH in Further information). ABcc3, ATP-binding cassette 3; ANG, angiogenin; AReG, amphiregulin; cDc2, cell division cycle 2; cLDN1, claudin 1; cTGF, connective tissue growth factor; cXcR4, chemokine (c-X-c motif) receptor 4; cXcL13, chemokine (c-X-c motif) ligand 13; cYP1A1, cytochrome P450 1A1; eGR1, early growth response 1; DAB2, disabled homologue 2; eFNA1, ephrin A1; esR1, oestrogen receptor 1; GAL, galanin prepropeptide; iGFBP5, insulin-like growth factor binding protein 5; iTPR1, inositol 1,4,5-triphosphate receptor 1; KRT17, keratin 17; LAMc2, laminin-g 2; LcN2, lipocalin 2; LeF1, lymphoid enhancerbinding factor 1; LRP2, low density lipoprotein-related protein 2; MMP9, matrix metalloproteinase 9; PLN, phospholamban; PLiN, perilipin; PTHLH, parathyroid hormone-like hormone; PTGes, prostaglandin e synthase; seRPiNA1, serpin peptidase inhibitor 1; sOD3, superoxide dismutase 3; TAGLN, transgelin; TNc, tenascin c; TNFsF10, tumour necrosis factor (ligand) superfamily 10. ER-independent oxidant signature. In fact, a more refined experimental analysis indicated that oxidative stress was more evident in the ER-positive breast cancers that were diagnosed at a younger age than those that were diagnosed at an older age 52 .
Shared TnF and TGFβ pathways
The fact that the most common forms of breast cancer that arise later in life lack evidence of oxidative stress suggests that the putative link between organ ageing and oxidative stress is obscured by the presence of malignancy-transforming metabolic pathways and cellular environments that generate excess ROS. This notion is consistent with two other observations that relate to ER-positive breast cancers and their proliferative potential: first, breast cancers that are enriched for the oxidant-oestrogen+ER signature have higher expression levels of cell proliferation genes than breast cancers that are not enriched for the signature 52 ; and, second, early-onset ER-positive breast cancers have higher expression levels of cell proliferation genes than late-onset breast cancers 19 . Tumours with greater proliferative potential have increased levels of intracellular ROS production owing to excessive growth factor signalling, and are also subjected to increased extracellular ROS production from repetitive cycles of ischaemia and reperfusion as neovascularization attempts to keep up with the rapidly expanding tumour mass. If tumour proliferation and growth rates largely explain breast cancer oxidative stress, and both oxidative stress and proliferation gene signatures are more characteristic of earlyonset breast cancers, then it might be possible to identify other tumour-associated pathways that are shared by both early-onset and oxidatively stressed ER-positive breast cancers. Comparative network analysis of the age 19 and oxidant-oestrogen+ER 52 gene signatures reveals two such pathways, the tumour necrosis factor (TNF) and transforming growth factor-β (TGFβ) signalling pathways, which are common to both oxidatively stressed and early-onset ER-positive breast cancers (FIG. 1) . Interestingly, signals from RANK (receptor activator of nuclear factor kb (NFkb)), a TNF receptor superfamily member that is commonly implicated in breast cancer, and ligand-stimulated TGFβ receptors converge to activate intracellular NFkb and AP1 (FIG. 2) . These transcription factor complexes stimulate gene expression programmes that enhance breast cancer cell survival, proliferation, invasiveness and angiogenesis 53 . Indeed, analysis of the proximal promoter regions (2.5 kb) of the age and oxidant-oestrogen+ER signature genes shown in FIG. 1 indicates that at least 75% of these TNF-or TGFβ-regulated genes have either AP1 or NFkb consensus binding elements. both early-onset 19 and oxidatively stressed 52 ER-positive breast cancers are associated with an increased risk of metastatic recurrence and reduced patient survival. In addition, ER-positive breast cancers with activation of both NFkb and AP1 are known to be associated with poor patient prognosis and resistance to endocrine therapy 54 . Therefore, this comparative network analysis provides a supporting rationale for the development of NFkb and AP1 inhibitors to treat early-onset ER-positive breast cancers that have a more aggressive and treatmentresistant clinical phenotype due at least in part to oxidative stress.
Evolving paradigms Does ageing cause or simply permit cancer development? Despite a long-standing awareness that breast cancer and other cancers are primarily age-related and the general belief that ageing predisposes to cancer development, the nascent field of geroscience is only beginning to inform oncology of the relationship between cancer and ageing. Therefore, the molecular and cellular hypotheses posited to explain this relationship remain largely untested [10] [11] [12] [13] . Additional age cohort studies of the type described above for ER-positive breast cancer 19, 20 are needed to generalize about the age-dependent biological differences that drive ER-negative breast cancer, as well as other age-related epithelial malignancies. There is growing epidemiological evidence that cancer incidence decelerates or is even suppressed after the age of 80, and experimental investigation of this theory may substantially modify the currently accepted paradigm that ageing promotes cancer development 55 . Is oxidative stress a cause or consequence of ageing, and is such oxidative stress manifested in all ageing organs or in a few? The same cause-effect question may be asked of the mechanistic relationship between oxidative stress and cancer development. If increasing mitochondrial dysfunction promotes normal cell ageing, and excess ROS from increased growth factor signalling and ischaemia-reperfusion injury promotes cancer cell aggressiveness, is there any mechanistic commonality between these disparate cell fates that are linked to oxidative stress? Aged, oxidatively stressed and senescent Figure 2 | Signalling pathways in oxidatively stressed and early onset breast cancers. RANK (receptor activator of nuclear factor kB (NFkB)) is a tumour necrosis factor (TNF) receptor superfamily member that is commonly implicated in breast cancer, and ligand-stimulated RANK and transforming growth factor-β (TGFβ) receptors are shown as convergent signal transduction pathways that are capable of activating intracellular NFkB and AP1 transcription factor complexes. These can induce gene expression programmes that promote breast cancer cell survival, proliferation, invasiveness and angiogenesis. eRK, extracellular signal-regulated kinase; ikB, inhibitor of NFkB; iKK, ikB kinase; JNK, JUN N-terminal kinase; MeK, MAPK/eRK kinase; MKK, mitogen-activated protein kinase kinase; TRAF6, TNF receptorassociated factor 6; UBc13, ubiquitin-conjugating enzyme e2 13; Uev1A, ubiquitin-conjugating enzyme e2 variant 1A.
stroma are permissive for malignant epithelial transformation in various experimental models 56 . However, human organs that are at risk for age-related malignancies such as breast cancer have not been studied sufficiently to determine whether such stromal changes or senescent cell populations actually predate and promote human cancer in vivo. It is now apparent that many late-onset malignancies such as ER-positive breast cancer are biologically and clinically more indolent than their earlier-onset counterparts. The increase in the incidence of these late-onset malignancies up to the age of 80 may reflect the existence of a more permissive stromal environment that enables the emergence of cancers that would be unable to thrive in younger hosts. If cancer aggressiveness decreases progressively with ageing and out of pace with its increasing incidence, then perhaps an inflection point is ultimately reached in the human lifespan, whereupon a microscopic malignancy becomes unable to make a clinical appearance. This challenging area of biology and oncology must continue to be examined and questioned from many different angles, as parallax views of our evolving cancer and ageing paradigms are needed to provide a sufficient depth of understanding to successfully confront the growing health-care burden of our ageing population.
